The severity of liquefaction manifested at the ground surface is a pragmatic proxy of damage potential for various infrastructure assets, making it particularly useful for hazard mapping, land-use planning, and preliminary site-assessment. Towards this end, the recent Canterbury, New Zealand, earthquakes, in conjunction with others, have resulted in liquefaction case-history data of unprecedented quantity and quality, presenting a unique opportunity to rigorously develop fragility-functions for liquefaction-induced ground failure. Accordingly, this study analyzes nearly 10,000 liquefaction case studies from 23 global earthquakes to develop fragility functions for use in performance-based frameworks. The proposed functions express the probability of exceeding specific severities of liquefaction surface manifestation as a function of three different liquefaction damage measures (LDMs), wherein four alternative liquefaction-triggering models are used. These functions have the same functional form, such that end-users can easily select the model coefficients for the particular damage state, triggering model, and LDM of their choosing. It should be noted that these functions are not to be used to predict lateral spreading, which requires LDMs other than those assessed herein. Lastly, the proposed functions are preliminary and subject to further development. In this regard, several thrusts of ongoing investigation are discussed.
INTRODUCTION
In performance-based earthquake engineering, fragilityfunctions relate the probability of an undesirable outcome (e.g., the ground exceeding a defined state of damage) to a particular measure of excitation or demand. In the case of performance-based damage assessment of soil liquefaction, the severity of liquefaction manifested at the ground surface can be used as a pragmatic proxy of damage potential for various infrastructure assets, making it particularly useful for hazard mapping, land-use planning, and preliminary site-assessment.
Towards this end, the development of empirical fragility-functions for predicting manifestation severity relies on high-quality liquefaction case-history data. However, due to the cost and difficulty of obtaining this data, only about 300 well-documented cases had been assembled from all combined earthquakes occurring prior to 2010. The potential for compiling such data was then dramatically increased, both in quantity and in quality, following the 2010-2016 Canterbury, New Zealand, Earthquake Sequence (CES), which induced widespread and severe liquefaction in the city of Christchurch. In conjunction with existing case histories, the CES presents a truly unique opportunity to rigorously develop and assess fragility functions for liquefaction-induced ground failure. Accordingly, this study analyzes 265 case histories from 20 global earthquakes and 9,623 case histories from three CES earthquakes to develop fragility functions for performance-based frameworks. These functions express the probability of exceeding specific severities of liquefaction surface manifestation as a function of three different liquefaction damage measures (LDMs), wherein four alternative liquefaction-triggering models are used. Specifically, this study investigates the probabilistic relationship between the severity of liquefaction surface manifestation and the following LDMs: (1) the liquefaction potential index (LPI) (Iwasaki et al. (1978) ; (2) a modified LPI, termed LPIISH (Maurer et al., 2015a) ; and (3) the liquefaction severity number (LSN) (Van Ballegooy et al., 2014a) . The developed functions have the same functional form, such that end-users can easily select the model coefficients for the particular damage state, triggering model, and LDM of their choosing.
DATA
This study analyzes 9,908 liquefaction case histories resulting from 23 global earthquakes, as summarized in Table 1 . However, because the majority of these cases were compiled from three events during the CES, results are separately presented for these and the other 20 earthquakes, henceforth respectively referred to as the "CES dataset" and "global dataset." These datasets are discussed subsequently, followed by a summary of the methods used to analyze them.
Canterbury Earthquakes Sequence (CES) Dataset
The CES resulted in case-history data of unprecedented quantity and quality, presenting a unique opportunity to advance the science of liquefaction hazard assessment. A summary of the CES, to include tectonic and geologic settings, seismology, and environmental effects, is provided by Quigley et al. (2016) . The present study uses data from the Mw7.1, 4 Sept. 2010 Darfield earthquake, the Mw6.2, 22 Feb. 2011 Christchurch earthquake, and the Mw5.7, 14 Feb. 2016 Christchurch earthquake. Ground motions from these events were recorded by a dense network of strong motion stations (e.g., Bradley and Cubrinovski, 2011) and due to the impacts of liquefaction, the New Zealand Earthquake Commission funded an extensive geotechnical reconnaissance and testing program (Tonkin + Taylor, 2013 ) that included ground water modeling and in-situ and laboratory soil testing. The combination of densely recorded ground motions, welldocumented liquefaction response, and detailed subsurface characterization comprises the CES dataset. These data are succinctly summarized as follows. (3) inferred to have prematurely terminated on shallow gravels using a geospatial autocorrelation analysis (Anselin, 1995) , which identifies spatial outliers. Extended coverage of CPT data and the exclusion criteria summarized above is provided in Maurer et al. (2014 Maurer et al. ( , 2015b .
Peak Ground Acceleration (PGA)
Peak Ground Accelerations (PGAs) at the ground surface were computed with the Bradley (2013) procedure, which has been used by many CES studies (e.g., Green et al. 2014; Maurer et al., 2015c; van Ballegooy et al. 2015) . This procedure geostatistically coalesces estimates from ground-motion prediction equations with strong-motion recordings.. In addition to the exclusion criteria described in the section above, cases with PGA < 0.15g were removed from the dataset. This criterion was applied because sites with PGAs below a certain threshold have negligible probability of liquefaction, and thus, do not provide meaningful inputs for assessing the probability of manifestations. In particular, 0.15g was selected because no site experiencing a PGA below this threshold had manifestations in any CES event.
Research is ongoing to further develop this criterion. Following the removal of cases with PGA < 0.15g, a total of 9,623 cases remain.
Ground Water Table (GWT) Depth
For this study, GWT depths were sourced from the robust, event-specific regional ground water models of van Ballegooy et al. (2014b) . These models, which reflect seasonal and localized fluctuations across the region, were derived in part using monitoring data from a network of ~1000 piezometers and provide a best-estimate of GWT depths immediately prior to each earthquake.
Liquefaction Severity
Observations of liquefaction and the severity of surface manifestation (extent and severity of liquefaction ejecta) were made by the authors for each CPT location following each of the three aforementioned earthquakes. The severity of manifestation was classified using criteria similar to Green et al. (2014) , such that manifestations are ranked as "none," "minor," "moderate," or "severe." Of the 9,623 cases compiled from the CES, 60% are "none" and 40% are cases where manifestations were observed and classified (22% minor; 15% moderate; 3% severe). 
Global Dataset
To compare performance findings in Christchurch with regions worldwide, 265 liquefaction case histories resulting from 20 global earthquakes in nine countries are compiled and assessed in parallel. These case histories are sourced from the existing literature, to include CPT sounding data, observations of manifestation severity, and estimation of GWT depth and PGA, as generally reported by original investigators. When possible, recent refinements of PGA and/or GWT depth are adopted from the literature. To properly recognize all sources of data used to compile the global dataset, a reference list appears in the Appendix for each of the 20 earthquakes. The case history assemblages of Moss et al. (2005) and Boulanger and Idriss (2014) are also acknowledged for greatly assisting the present study. In compiling these 265 cases, those with PGA < 0.15g were removed for consistency with the CES dataset. Notably, the CES and global datasets deviate in the classification of manifestation severity. Whereas CES liquefaction was intensively cataloged via reconnaissance and remote sensing, the global cases are often insufficiently documented for manifestations to be classified in the same level of detail. In the present study, surficial manifestations are therefore classified binomially as "yes" or "no" without categorizing the nature or severity of expression. Of the 265 cases compiled, 39% are "no" and 61% are "yes." 3.0 METHODOLOGY
Liquefaction Triggering Models & Damage Measures
In current practice, several alternative liquefactiontriggering models and several different LDMs are commonly used. While regional codes sometimes mandate use of a particular methodology, there is no professional consensus on which is best. Accordingly, the proposed research will use an array of triggering models and LDMs, such that end-users can utilize the specific combination of their choosing. In particular, this study will investigate the relationship between manifestation severity, as classified herein, and each of the following LDMs: (1) the liquefaction potential index (LPI), as defined by Iwasaki et al. (1978) ; (2) a modified LPI, termed LPIISH (Maurer et al., 2015a) ; and (3) the liquefaction severity number (LSN) proposed by Van Ballegooy et al. (2014a) .
Intrinsic to each of the above LDMs, the safety factor against liquefaction triggering (FSliq) is computed from a liquefaction-triggering model. For this study, FSliq values will be separately computed by the deterministic Robertson and Wride (1998) [RW98], Moss et al. (2006) [Mea06], Idriss and Boulanger (2008) [IB08], and Boulanger and Idriss (2014) [BI14] models. Antecedent to using these models, soils susceptible to liquefaction will be identified using the soil-behavior-type-index (Ic) proposed by Robertson and Wride (1998) such that soils with Ic < 2.50 are treated as susceptible. This criterion was developed specifically for Christchurch soils from lab tests on more than 2,000 samples (Maurer et al., 2016) . However, because an Ic threshold of 2.50 is within the range of values commonly used in practice, this criterion is also applied in all analyses of the global dataset. For liquefaction-susceptible soils, the IB08 and BI14 procedures compute liquefaction resistance as a function of fines-content (FC). Accordingly, FC is estimated for the CES dataset using a Christchurchspecific Ic -FC correlation (Maurer et al., 2016) , and for the global dataset using a general Ic -FC correlation (Boulanger and Idriss, 2014) .
Fragility Functions
The probability of the surface manifestation of liquefaction reaching or exceeding a manifestation severity, MS, given a computed LDM value, is herein denoted FMS(LDM) and idealized by a lognormal distribution, as is typical for fragility functions (e.g., Bradley, 2010) :
where Φ denotes the Gaussian cumulative distribution function; xm is the distribution median, and β is the logarithmic standard deviation. While several approaches exist for fitting functions to data, this study utilizes the maximum likelihood method described in Porter (2016), which identifies the model parameters with the highest likelihood of producing the observed data. Specifically, the case histories are grouped into m bins of similar LDM, where bins have index i, average value LDMi, and contain ni cases, of which fi are cases in which observed manifestations reached or exceeded MS. Assuming quantity fi can be estimated from a binomially-distributed random variable, Fi, Eq. 2 gives the probability of observing quantity fi among ni cases, if the probability of an individual case exceeding MS is given by Eq. 1.
In Eq. 2, pi is defined by Eq. 1, evaluated at LDMi. Lastly, the values of parameters xm and β that maximize the likelihood of producing the observed data are determined. This likelihood is given by the product of the probabilities in Eq. 2, multiplied over all bins:
[3]
RESULTS AND DISCUSSION
Using the approach outlined above and analyses of nearly 10,000 liquefaction case studies, fragility functions were developed as functions of LPI, LPIISH, and LSN values, which were each separately computed using the RW98, Mea06, IB08, and BI14 liquefaction triggering models. The developed functions are all of the form presented in Eq. 1, such that end-users can easily select the xm and β values for the particular manifestation-severity, triggering model, and LDM of their choosing. As an example, the suite of functions developed for use with LPI and the RW98 model is plotted in Fig. 2 . As previously discussed, the CES and global datasets deviate in the classification of manifestation severity, such that manifestations in the latter dataset are classified binomially as "yes" or "no." Consequently, analyses of the global dataset result in one fragility-function for "unclassified manifestations," whereas analyses of the CES dataset result in fragility-functions for "minor," "moderate," and "severe" manifestations. As shown in Fig. 2 , the developed functions relate the probability of reaching or exceeding a manifestation severity, MSi, to a computed LDM value (in this case, LPI). As an example, the probabilities of manifestations being at least minor, moderate, and severe at LPI = 5 are 57%, 23%, and 1%, respectively. For the global dataset, the probability of observing any manifestation at LPI = 5 is approximately 54%. In this regard, results from the CES and global datasets are very similar (i.e., 57% vs. 54%). The developed functions can also assess the probability that manifestations will be in a particular severity class. This is illustrated in Fig. 2 , where P0, P1, P2, and P3 are the respective probabilities that MS will be none, minor, moderate, and severe. In Fig. 3 , these probabilities are plotted for all LPI values from the CES. Again using LPI = 5 as an example, the probabilities of manifestations being none, minor, moderate, and severe are 43%, 34%, 22%, and 1%, respectively. A summary of all fragility-functions is provided in Table 3 , from which users can select the values of xm and β corresponding to the particular manifestation severity, triggering model, and LDM of their choosing. In addition, the parameter-space of the LDM data is also provided for each function. Discretion is advised when using the functions beyond these recommended limits. Figure 2 . The probability of exceeding manifestation severity, MSi, given an LPI value computed using the RW98 model. For the CES dataset, P0, P1, P2, and P3 are the respective probabilities that manifestation severity is none, minor, moderate, and severe. 
Thrusts of Ongoing Investigation
The fragility-functions summarized in Table 3 are preliminary and subject to further development. In this regard, several thrusts of ongoing investigation are briefly summarized as follows:
• At present, PGAs have been estimated using empirical ground motion prediction equations (GMPEs) statistically coalesced with strong-motion recordings. However, this approach can be inaccurate when local phenomena are not captured by GMPEs. In contrast, physics-based simulations can provide significant insight into such phenomena, to include the effects of rupture directivity, basin-generated surface waves, and near-surface stratigraphic and topographic features. Physics-based simulations are being developed for CES events and have been shown to predict recorded motions better than GMPEs. Accordingly, PGAs will be updated for each CES casestudy utilizing ground-motion simulations.
• At present, fragility-function uncertainties have not been considered. While the proposed functions predict the probability of being in a given damage state, the uncertainty therein is also of interest and will be accounted for in the future. Moreover, aleatoric and epistemic uncertainties will be separately considered, quantified, and propagated.
• The CES and global datasets are under ongoing development. In particular, it is anticipated that an additional 4,000 CES cases will soon be compiled, such that cases coincide with locations where presently collected CPT data is scarce. In addition, an attempt will be made to categorize the severity of manifestations for the historic global dataset (i.e., to improve upon the current binomial classification).
• Analyses will be undertaken to determine whether results derived from the CES are applicable worldwide. It is hypothesized that fragility-curves for the global "unclassified manifestations" should plot between the CES "marginal" and "moderate" manifestation fragility-curves. This is based on the assumption that the threshold for classifying historic cases as "yes" (i.e., some manifestation) lies in between the Green et al. (2014) criteria for "minor" and "moderate" manifestations. Notably, the functions with lowest dispersion, for both the CES and global datasets, are those developed for use with BI14. However, whereas BI14 used with LPI has the lowest β for the CES data, BI14 used with LSN has the lowest β for the global data.
• Fragility-functions are commonly assumed to have a lognormal distribution. However, the Lilliefors (1967) test will be used to assess whether this distribution is appropriate. In either case, there are many alternative approaches for fitting fragility functions to data (e.g., Baker, 2015) and several will be investigated.
• To use the proposed fragility-functions, the LDMs and triggering-functions must be employed exactly as used herein (detailed in sections 2. Table 3 . Summary of fragility-functions developed for an array of LDMs and triggering models.
notably, the proposed functions can only be used in conjunction with the deterministic liquefaction triggering-models of RW98, Mea06, IB08, and BI14. In the future, the fragility-functions will be updated to be compatible with analyses that also consider model and measurement uncertainties.
CONCLUSION
This study analyzed nearly 10,000 liquefaction case histories from 23 global earthquakes to develop fragility functions for use in performance-based frameworks. The proposed functions express the probability of exceeding well-defined severities of liquefaction surface manifestation as a function of three different liquefaction damage measures (LDMs), wherein four alternative liquefactiontriggering models are used. These functions have the same functional form, such that end-users can easily select the model coefficients for the particular manifestation severity, triggering model, and LDM of their choosing. These functions are preliminary and subject to further development. In this regard, several thrusts of ongoing investigation were discussed.
